Mediterranean Water lenses (meddies) in the eastern North Atlantic, north of the Canary Islands, appear to often have their salty and nutrient-poor core accompanied by relatively fresh and nutrient-rich waters on top. We describe several occurrences of freshwater halos and berets for meddies sampled north of the Canary Islands-with instrumented moorings, Argo floats and oceanographic cruises-and identify the source of these fresh anomalies as diluted Antarctic Intermediate Water (AAIW). We propose that this capping takes place off Northwest Africa, as the southward-advected meddy interacts with the northward-advected AAIW. This interpretation is consistent with a simple analysis of the relevant advectivediffusive time scales associated with the passage of meddies under a layer of AAIW, and suggests that meddies may be a mechanism for AAIW export far into the North Atlantic Ocean.
INTRODUCTION
The life cycle of salty and warm Mediterranean Water (MW) lenses (meddies) and their net impact on the fluxes of freshwater and heat in the North Atlantic have received thorough attention since their discovery by McDowell and Rossby (1978) near the Bahamas. Meddies have been detected and tracked using passive drifters (e.g. Armi et al. 1988 , Bower et al. 1997 ) and repeated sampling from ships (Armi et al. 1989 ), their properties have been simulated with rotating tanks in the laboratory (Hedstrom and Armi 1988) , and a census of their distribution has been carried out with the help of historical hydrographic data (Richardson et al. 2000) . All these studies have taught us a great deal not only about the spatial distribution of meddies, but also about the processes that lead to their formation, propagation and eventual disappearance.
Careful examination of several papers on meddies reveals a curious association between the salt lenses and an anomalously fresh layer on top. Such freshwater meddy berets are visible in data from moored arrays (Siedler et al. 2005) , in a long-term study of an individual meddy (Armi et al. 1989) , and along a hydrographic section (Tsuchiya et al. 1992) , but this characteristic has not yet been investigated. In this work we will explore the association between meddies and their freshwater berets in the Canary Basin, north of the Canary Islands, and examine the source and characteristics of these low-salinity waters. A coherent tongue of Antarctic Intermediate Water (AAIW), rich in inorganic nutrients and with salinities below 34.5, stretches along the eastern margin of the North Atlantic (Tsuchiya et al. 1992 , Machín et al. 2006 . A diluted form of this water mass has been detected beyond the Canary Islands, contributing as much as 50% to water samples gathered at 32.5°N in autumn Pelegrí 2009, Machín et al. 2010 ) and being still perceptible in the Gulf of Cadiz (Louarn and Morin 2011) . Our hypothesis is that, as they flow off the coast of Northwest Africa, southward-advected meddies are capable of trapping the northward propagating AAIW on top (Fig. 1) . Given the importance of meddies in transporting properties very far from their generation region, their association with AAIW is likely to be an important mechanism for the penetration of this southern water mass into the North Atlantic subtropical gyre.
DATA
In order to characterize the hydrographic conditions in the Canary Basin, we used temperature, salinity and nutrient data downloaded from the World Ocean Atlas 2005 (WOA05), a database from the U.S. National Oceanic Data Centre (NODC). Additionally, we analysed three specific data sets in order to explore the interaction between meddies and AAIW: two cruises north of the Canary Islands, an instrumented mooring deployed north of the Canary Islands, and two floats from the Argo programme; these three data sets are described next (Table 1) .
The hydrographic and nutrient cruise data were collected as part of the field activities of the projects CANIGO (Parrilla et al. 2002) and CANOA (Pastor et al. 2012) , aimed at elucidating critical features of the region's large-scale circulation and variability. In January 1997, during the Meteor-37 cruise (R/V Meteor as part of the CANIGO project), a meddy (hereafter M37) was detected near (32.2°N, 12.2°W) ( Fig.  1) . The velocity field for this cruise was calculated with the inverse model used by Machín et al. (2006) . In November 2007, during the Canoa07 cruise (R/V García del Cid as part of the CANOA project), another meddy (hereafter GC07) was observed nearby (31.8°N, 13.3°W) ( Fig. 1 ). In this case, the associated geostrophic velocity field was calculated relative to the neutral density (γ n ) 27.922 kg m −3 (Jackett and McDougall 1997) located in the lower MW layer. During both cruises, the concentrations of inorganic nutrients were obtained from the analysis of water samples at standard depths.
Velocity, temperature, and salinity were monitored at the European Station for Time Series in the Ocean Canary Islands (ESTOC), located in water depths of 3670 m at (29.2°N, 15.5°W) ( Fig. 1 ). Here we examined the data from September 1994 to September 1997 for instruments located near levels with maximum AAIW and MW contributions, respectively at 800 and 1200 m (www.pangea.de). The temperature and salinity data were recalibrated with hydrographic data obtained during the mooring deployments, and the velocity data were low-pass filtered with a Butterworth filter with a cut-off period of 40 hours to eliminate high frequency motions. Two meddies were identified as passing by the mooring location, respectively in January-February 1995 (hereafter meddy E95) and in December 1995-January 1996 (henceforth meddy E96).
We also identified two Argo floats in the region north of the Canary Islands, with parking depth at 1000 dbar, which tracked two different meddies during several months (Fig. 2) . Float position and hydrographic data flagged as good were downloaded from the Coriolis system (ftp://ftp.ifremer.fr/ifremer/argo). One of the floats tracked a meddy over a period of one year, between July 2004 and August 2005, and is henceforth called F04; the second float tracked a meddy at least between January and July 2007, and is henceforth called F07.
METHODS
The domain considered runs from 27 to 37°N and from 20°W to the African coastline. Observations prior to 1970 are removed, as well as any data value that does (3) they are denser than observations above them (a density inversion test); and (4) they are consistent with the mean regional temperature-salinity relationship (estimated as the salinity value being within three standard deviations from the mean salinity for 0.5°C temperature bins over the entire region). The last criterion is repeated until the difference between two consecutive mean salinity values in each temperature bin is less than 10%. North Atlantic Central Waters (NACW) in the Canary Basin extend down to about 600 m, with salinity values decreasing with depth down to 35.5 and phosphate concentrations increasing with depth up to 1.05 µmol kg −1 (Pastor et al. 2012) . AAIW are located immediately under the NACW (at the depth interval 600<z<1000 m and the neutral-density interval 27.2<γ n <27.65 kg m −3 ), being recognizable through a salinity minimum (salinities are less than 35.5, or fresher than the deepest NACW) and an intense phosphate maximum (concentrations are well in excess of 1.25 µmol kg −1 ) (Machín et al. 2006 , Machín and Pelegrí 2009 , Pastor et al. 2012 . Meddies in the Canary Basin are located immediately below the AAIW level (1000<z<1500 m and 27.6<γ n <27.8) (Biescas et al. 2008) , and are characterized by positive salinity anomalies (values as high as 36.5) and negative phosphate anomalies (concentrations as low as 0.7 µmol kg −1 ) (Pastor et al. 2012) .
Our meddy observations are within a region of strong MW influence, north of the Canary Islands. In this region the AAIW characteristics are significantly altered relative to the coherent tongue of AAIW to the south Pelegrí 2009, Machín et al. 2010) . Therefore, the presence of AAIW between the Canary Islands and the Iberian Peninsula must be identified via the existence of salinity values below a given threshold. To this end, we define the AAIW salinity for regional subdomains as values that fall below the 15th percentile of the historical observations at the intermediate-depth salinity minimum ( Fig. 3 ). It turns out that, for the subdomain where we have identified all meddies, AAIW is characterized by salinities below 35.48 at temperatures above 8°C. The corresponding maximum AAIW phosphate concentration, defined by the 85th percentile for phosphate at the salinity minimum, is 1.4 µmol m −1 .
A PREPONDERANCE OF MEDDIES WITH FRESHWATER BERETS
Given the above water mass definitions, we found six instances of interactions between meddies and AAIW in the Canary Basin: two through measurements at the ESTOC mooring (E95, E97), two through Argo floats drifting in the area (F04, F07), and two during the analysed hydrographic cruises (M37, GC07) (Table  1 ). In this section we briefly revise each of these cases. It is important to note here that these represent the totality of meddies that we came across when looking for examples, i.e. all meddies that we found in this region display some type of interaction. Hence, we may expect that there are many other instances of meddies where the MW-AAIW interplay takes place.
The two meddies at the ESTOC station have been previously reported by Machín and Pelegrí (2009) , with meddy E95 passing by the mooring in January- February 1995 and meddy E96 contacting the mooring twice in December 1995-January 1996 (Fig. 4) . The passage of the meddies is detected through the increase in salinity at 1200 m, in excess of 36.0 or much higher than the 34.45 mean values at that depth, and also through the velocity increase at both 800 and 1200 m, with peak values of 35 cm s −1 at 1200 m and slightly less at 800 m. However, during the passage of both meddies, the salinity at 800 m showed an opposite behaviour, decreasing to values as low as 35.3 that are characteristic of AAIW (Fig. 3) . The salinity decrease at 800 m occurs during the full time lapse when the salinity increases at 1200 m and the velocity intensifies at both water depths, indicating that the size of the overlying freshwater is similar to the size of the meddy (Fig. 4) . A close inspection of the timing reveals that the salinity decrease at 800 m comes slightly ahead of the salinity increase at 1200 m, hence suggesting that the low-salinity signal is located at the meddy's edge, like a ring or halo on top of the meddy.
It is important to note that the ESTOC station is located just north of the central Canary Islands, in a region of moderate influence of AAIW. At this location, the salinity minimum is located typically at 900 m, with the 85th percentile values in excess of 35.4 or larger than the minimum salinities detected at 800 m during the passage of either meddy (Machín and Pelegrí 2009 ). Therefore, these low-salinity covers cannot have a local source and are here interpreted to originate from a region closer to the continental slope, where the influence of AAIW was greatest.
The trajectories of the Argo floats that became trapped by two meddies are shown in Figure 2 . One of these floats was deployed in July 2004 at 31°N, 15°W, inside meddy F04, as shown by the positive salinity values between 1100 and 1300 m (Fig. 5A ). The float remained within the meddy for over one year, until August 2005, displaying two quite different behaviours. Between July 2004 and January 2005 the meddy remained nearly stationary, in a region constrained by Fig. 3. -The hydrographic and ESTOC data for the Canary Basin are split into three different latitudinal domains, separated at 31 and 34°N, from the coastline to 20°W. A, the red, green and grey dots represent the locations of all NODC profiles in the northern Canary Basin that met our quality control checks; the large black and blue dots show the location of the GC07/M37 meddies, and the magenta dot situates the ESTOC station. B, potential-temperature salinity diagram for the northern domain: the historical hydrographic temperature-salinity data are plotted as red points, with the GC07/M37 meddies shown as thick black/blue lines; the thin black lines show the 15th and 85th percentile for the data, and several neutral-density lines are superimposed as thin grey lines. C, as for panel B but for the middle domain. D, as for panel B but for the southern domain; the black cross shows the mean value and standard deviation for salinity and temperature at 800 m for the entire ESTOC time series, and the magenta cross shows these values during the passage of E96 through the ESTOC station (between December 1995 and February 1996, when the 1200 m salinity exceeded 35.6); the temperatures and salinities recorded at 800 m during the passage of meddy E95 (not shown) are between the mean and E96 values. (Fig. 6B) . Interestingly, the salinity on top of those profiles taken between January and July 2007 (while the float remained at the meddy's edge) reached values below 35.5, actually smaller than after the float left the meddy. This suggests that these low-salinity waters were trapped on top of the meddy at an earlier time, in a region where the overlying waters had a higher AAIW content, likely at latitudes lower than 34°N.
Despite their location north of the ESTOC station, the M37 and GC07 meddies showed similar low-salinity waters overlying the salt lenses (Fig. 7) . These meddies have a high-salinity core of nearly 36.5, with an anticyclonic rotation that characterizes meddies, and with the velocities close to zero at the core and increasing to more than 0.5 m s −1 at its flanks (Fig. 7) . The anticyclonic rotation of M37 extended up to the surface, while the GC07 meddy had the more classical dipole-like structure, where the azimuthal velocities extend above and below the meddy's core but decay to zero near the sea surface.
A relatively low-salinity stratum was observed on top of both M37 and G07, in the 27.2<γ n <27.5 kg m −3 density range. This salinity minimum extended along the entire length of both hydrographic sections, but it was noticeably fresher directly above and on the fringes of each meddy. The phosphate concentration (Fig.  7 , lower panels) further illustrates the contrast between the meddy core and beret: low values were observed in the meddies' core and anomalously high values immediately on top of both meddies, particularly on top of GC07. Thus, as illustrated in Figure 7 , these interactions show double anomalies: the highly salty and nutrient-poor values at the meddy core were accompanied by weakly-fresh and nutrient-rich values on top of the meddy; such low-salinity and rich-phosphate concentrations point towards AAIW as the source water for the overlying layers. In particular, the temperature-salinity relationship for the freshwater berets were far outside the expected range of values in the meddy formation region (Fig. 3B) , and were just below the 15th percentile for salinity in the region in which they were found (Fig. 3C-D) . The berets actually resembled the salinity minimum in the southernmost subregion, as shown in Fig. 3D , raising the possibility that the meddies entrained the northward-advected AAIW as they meandered south of the region where they were detected, as discussed next.
DISCUSSION
The hydrographic sections and ESTOC measurements offer a Eulerian view of the meddies while the Argo floats offer a Lagrangian perspective. None of them is a complete sight, as in all cases sampling takes place in some unknown location inside the meddy, but they provide complementary views: the cruises represent a rapid dissection, the moorings sample the slowly travelling meddy, and the floats follow the meddy for a relatively long period of time. In all cases, however, it is clear that the meddy is covered by AAIW water, with maximum concentrations frequently on the meddy's edge.
The ESTOC station is located close to the Canary Islands, in the southern part of our study region, hence under the influence of AAIW (Machín and Pelegrí 2009) . For this reason the waters sampled at 800 m at the ESTOC station often had salinities of less than 35.4, particularly during the autumn and winter seasons (Fig.  4) . Nevertheless, it is noteworthy that the minimum salinity values observed between September 1994 and September 1997 corresponded to the periods when the meddies were detected at the 1200 m level. This finding suggests that, before reaching the ESTOC station, the meddies must have travelled through a region with greater AAIW influence, possibly in the region immediately north of the Canary Islands and close to the continental slope. In particular, the salinity signature reached minimum values just as meddy E95 entered (in Fig. 1) ; approximate depths are indicated on the right-hand axis. The contours represent the geostrophic velocity (cm s −1 , upper panels) and the AAIW contribution (%, lower panels). early January 1995) or departed from (in late February 1995) the ESTOC station (Fig. 4) , consistent with the idea that the highest AAIW contribution takes place on top the meddy's edge. The GC07 and M37 meddies were detected some 300 km north of the ESTOC station, in a region of much less AAIW influence. In the vertical property distributions, M37 appears thinner than GC07 in depth and density but wider in the horizontal (Fig. 7) . One possibility is that M37 was indeed larger than GC07, yet M37 was sampled near its edge, while GC07 was sampled closer to its core. The signature of AAIW (low salinities and high nutrients) was clear on top of both meddies, standing out against the background conditions (Fig. 3) . Finally, the meddies sampled by the floats were located at two different latitudes: F04 moved between 29 and 31°N while F07 was located close to 34°N. For this reason the salinities on top of F04 were barely distinguishable from the salinities of surrounding waters at the same level, while the salinities on top of F07 were significantly lower than those of the neighbouring waters, hence indicating a greater AAIW contribution; furthermore, the minimum salinities for F07 corresponded to the time during which it sampled the meddy's edge.
The above distributions of salinity, phosphate and velocity support the idea that the water composition on top of a meddy is the outcome of its travelling between regions with and without AAIW. A key consideration is that a meddy does not travel as an isolated feature but strongly influences the waters above and below (Siedler et al. 2005, Bashmachnikov and Carton 2012) , to the point that a substantial portion of the water column moves almost jointly with the meddy, behaving very like a Taylor column (Pedlosky 1979, e.g.) . However, the water on top of the meddy does not behave as a perfect Taylor column, as otherwise these waters would remain unchanged from the location where the meddy was originally formed, i.e. the horizontal velocity field does change with depth as a result of both baroclinicity and diffusion.
Shortly after formation, in the Gulf of Cadiz, a meddy is entirely embedded within MW. If a meddy travels south enough, it will reach a region where its upper layers become enclosed by AAIW, which can then be progressively incorporated on top of the meddy through diffusive processes. As this same meddy leaves the region with AAIW influence, its covering waters will conserve this fraction of AAIW until, after a sufficiently long time period, it becomes diluted with the surrounding waters, again through diffusion. Hence, the amount of AAIW in a water layer overlying the meddy depends on three time scales: (1) an advective time scale, T a , or the time the meddy spends travelling through some water stratum;
(2) a diapycnal diffusive time scale, T d , or the time that the meddy's properties take to affect this layer; and (3) an epipycnal diffusive time scale, T e , or the time that this layer takes to exchange these properties laterally with the surrounding waters.
Let us next estimate the order of magnitude of these time scales. The first stage, i.e. the incorporation of AAIW on top of the meddy, depends on the time the meddy spends on waters with AAIW content. This is the advective time scale, which is a function of both the horizontal extent of the AAIW layer that is transited by the meddy, L=200 to 500 km, and the drift velocity of the meddy, U=0.02 m s −1 (as deduced from the data plotted in Fig. 2 ). Hence, a reasonable estimate is T a = L/U=3 to 17 months. As the meddy returns north, it will start exchanging with the surrounding waters the AAIW that it has incorporated on top, possibly with no time limitation.
A second scale corresponds to the time it takes the MW inside the meddy to influence a layer located at a distance h on top. This diffusive time scale is given by T d =sh 2 /K v , where K v is the vertical diffusion coefficient and s is a factor that depends on the fraction of the property that is transferred to the adjacent layer (e.g. Batchelor 1977, p. 190) . For the MW characteristics to become recognizable in the overlaying layer, we choose s=1, which gives the time when 50% of the meddy's salt anomaly reaches a distance h above it.
Using K v =10 −5 m 2 s −1 , as reported by Ledwell et al. (1998) for the eastern subtropical Atlantic, we obtain T d =4 and 15 months for h=10 and 20 m, respectively. The actual K v value is likely to change depending on the radial distance to the axis of rotation, because the azimuthal velocity will increase up to a maximum near the meddy's edge (Fig. 7) . On top of the edge we usually find the maximum vertical velocity gradients and, hence, the largest K v and smallest T d values.
Finally, as the meddy either enters the region where its upper layers are in contact with AAIW or returns to the region where it is in contact with MW and North Atlantic Deep Water, these layers will exchange water with the surrounding fluid. The time required for this to effectively take place is the epipycnal diffusive time scale, which depends on the horizontal diffusion coefficient, K h , and the distance to be affected by the exchange. If the exchange is to affect an outer ring of width 2b on top of the meddy, the time scale is given by T e =sb 2 /K h . A sensible choice is K h =10 m 2 s −1 , again from Ledwell et al. (1998) , and for a ring of width 2b=20 km it gives T e =4 months (for s=1). Notice that K h becomes substantially reduced immediately on top of the edge of the meddy (Law et al. 2001) , implying much longer T e values, but this is probably not the case several tens of metres above the meddy.
In summary, as the meddy is advected below the AAIW water stratum during 3-17 months, the immediately overlying layers (less than an order of 10 m) will become saltier because of vertical diffusion from the meddy, but those located further above will freshen as a result of lateral diffusion of AAIW. The first waters to be influenced by this lateral diffusion will be those at the rim of the eddy, hence the frequent observation of the halo-like structure. However, if the meddy remains long enough inside the AAIW strata, the entire overlying layers will be covered, turning the halo into a beret. By the time the meddy leaves the region of AAIW influence it will carry its halo or beret of rotating AAIWs to regions far in the North Atlantic Ocean, where it will be slowly eroded through diffusive processes. The diffusive process will reverse, the outer edge of the meddy being the first to lose its AAIW content (Fig. 8 ).
CONCLUDING REMARKS
The interaction of coherent ocean vortices with various water masses has long been observed near the ocean's surface. For example, warm Agulhas rings entrain cold water from the Benguela upwelling system on their flanks and advect upwelled water far offshore as long filaments (Lutjeharms et al. 1991) . Likewise, warm core rings shed from the Gulf Stream and advected into the northern recirculation gyre often entrain shelf water, slope water, and/or Gulf Stream water on their fringes, creating important onshore and offshore fluxes of very diverse water masses-and their associated heat, freshwater and biogeochemical contents (Nof 1988 , Ryan et al. 2001 ).
Here we have reported a related but quite different feature. A meddy, during its trip through regions near the Canary Islands, may often encounter AAIW. Property-property plots (Fig. 3) , time series (Fig. 4) , and property transects (Fig. 7) have shown that meddies found in the neighbouring northern region display the signal of AAIW on top.
The analysis of the characteristic advective and diffusive times indicates that the trapping of AAIW on top likely takes place through epipycnal diffusion. As the meddy returns to latitudes where AAIW is not present, the southern waters will show up distinctly against the background field as a halo or beret of fresh and nutrient-rich characteristics on top of the meddy.
Meddies are long-lived mesoscale structures that travel far from their source, helping to spread the MW signature over the entire North Atlantic Ocean (Rich-ardson et al. 2000) . Hence, the association of AAIW with meddies may also be a significant mechanism for the effective dispersion for this southern water mass. Fig. 8 . -Schematic diagram on how the salinity distribution becomes modified by the presence of a meddy (contours represent isohalines, with the numbers indicating a relative level of salt content). In the absence of a meddy, the isohalines are approximately horizontal with a well-defined minimum at the AAIW level (solid lines). The appearance of the meddy (dotted lines) brings a large positive salt anomaly immediately below the minimum AAIW salinity level but the overlaying layers are not immediately affected but progressively incorporate the low-salinity waters through diffusion, first showing up as a halo and eventually as a beret. When the meddy returns back north, to the region with no AAIW influence, the beret of low-salinity waters will progressively erode, from its edges towards the centre (the dashed lines illustrate the progression of states, from light to dark grey colours as time proceeds).
